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Cathode  degradation  is  a  major  issue  for  solid  oxide  fuel  cells  servicing  under  severe  high  temperature 
environments.  This  work  studies  the  effect  of  stoichiometry  on  (Lao.6Sro.4)xCoo.2Feo.803  (LSCF)  cathode 
evolution  at  800  °C  by  investigating  the  interfacial  reaction  and  degradation  through  an  AISI  441 
interconnect/LSCF  electrode/yttria-stabilized  zirconia  (YSZ)  electrolyte  half-cell  structure  under  an 
electric  load.  Detailed  high  resolution  composition  analysis  shows  that  Sr,  Co,  Fe,  and  Cr  distributions 
vary  with  stoichiometry  after  the  thermal  treatment.  Electron  diffraction  shows  that  the  new  phases  are 
CoFe204  and  amorphous  Cr-oxide  for  LSCF95,  SrCr04  and  CoFe04  for  LSCF100,  and  CoFe204  and  CoCr204 
for  LSCF105.  Based  on  the  elemental  distribution  and  phase  analysis,  the  evolution  of  the  LSCF  electrodes 
and  the  interaction  mechanisms  between  the  LSCF  electrodes  and  the  AISI  441  alloy  are  proposed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  promising  electrochemical 
energy  conversion  devices  with  high  efficiency  and  fuel  flexibility. 
However,  several  technical  issues  need  to  be  addressed  in  order  to 
fully  realize  the  promise  of  SOFCs.  The  most  serious  problem  is  the 
cathode  degradation  and  interfacial  reaction  between  the  inter¬ 
connect  and  the  cathode. 

The  interaction  between  the  Cr-containing  vapor  species  from 
the  interconnect  and  the  cathode  has  been  widely  recognized  and 
investigated  in  different  studies  1  ].  However,  most  of  the  focus  has 
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been  on  (La,  Sr)Mn03  (LSM)  cathode  [2-6].  This  is  mainly  because 
LSM  is  a  widely  used  cathode  material  due  to  its  chemical 
compatibility  with  yttria-stabilized  zirconia  (YSZ)  electrolyte  and 
high  potential  for  oxygen  reduction  [7-9  .  However,  the  generation 
of  Mn  species  under  cathodic  polarization  at  high  temperatures 
causes  the  deposition  of  Cr  species  at  the  LSM  cathode,  and  then 
Mn  reacts  with  Cr  species  and  forms  Cr-Mn-0  nuclei  [4,10,11  .  As 
an  improvement,  (Lao.6Sro.4)xCoo.2Feo.s03  (abbreviated  as  LSCF  in 
this  study)  has  been  evaluated  as  an  alternative.  For  LSCF,  La  and  Sr 
occupy  the  A-sites  and  Co  and  Fe  occupy  the  B-sites.  LSCF  exhibits 
much  higher  ionic  and  electronic  conductivities  due  to  relatively 
sparse  surface  oxygen  vacancies  and  is  a  preferred  cathode  material 
for  intermediate  temperature  SOFC  applications  12-14].  Doping  of 
cobalt  produces  low  cathode  polarization  resistance  because  both 
ionic  and  electronic  conductivities  are  enhanced  [15-17  .  Since 
LSCF  is  absent  of  Mn,  it  should  be  a  more  Cr-tolerant  cathode  18]. 
However,  the  exact  interaction  mechanisms  between  LSCF  and  Cr 
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species  and  the  specific  new  phases  formed  have  not  been  exam¬ 
ined,  especially  when  the  stoichiometry  of  LSCF  changes. 

Even  though  mixed  ionic-electronic  conductivity  from  LSCF  has 
been  widely  recognized,  the  long-term  stability  and  the  limited 
surface  catalytic  activity  of  LSCF  are  still  a  concern.  While  the  Co  in 
LSCF  increases  the  cathode  electronic  conductivity,  it  tends  to 
segregate  out  from  the  LSCF  lattice  structure  and  compromise  the 
cathode  performance  [16,19,20].  The  formation  of  Sr-oxide  pre¬ 
cipitates  increases  with  temperature  and  oxygen  partial  pressure 
[21].  Oxygen  nonstoichiometry  is  reported  to  be  a  function  of 
temperature.  LSCF  has  been  observed  to  decompose  into  La203,  SrO, 
Fe,  and  Co  through  a  series  of  steps  [22,23]. 

Based  on  the  above  understanding,  the  location  of  the  chemical 
reactions  and  the  degradation  of  the  LSCF  cathode  during  the  high 
temperature  operation  need  to  be  better  understood.  The  exact 
phases  after  the  cathode  degradation  need  to  be  identified. 
Currently  there  is  a  lack  of  cathode  testing  and  characterization 
efforts  to  systematically  answer  these  questions,  especially  when 
an  electrical  current  is  involved  at  high  temperatures.  There  is  no 
detailed  knowledge  of  Cr  species  gas  transport  and  solid  state 
diffusion  at  the  interface,  interfacial  reactions  with  the  LSCF  cath¬ 
ode,  and  the  effect  of  the  LSCF  cathode  stoichiometry  on  these 
processes.  However,  these  issues  can  substantially  affect  the  SOFC 
interfacial  compatibility  and  play  important  roles  in  SOFC  perfor¬ 
mance  and  durability. 

In  this  study,  LSCF-based  cathodes  with  different  stoichiometry 
are  fabricated.  Synthesized  Lao.6Sro.4Coo.2Feo.sO3  (noted  as 
LSCF100),  (Lao.6Sro.4)o.95Coo.2Feo.803  (A-site  deficient,  noted  as 
LSCF95),  and  (Lao.6Sr0.4)i.o5Coo.2Fe0.803  (A-site  excessive,  noted  as 
LSCF105)  are  used  as  cathodes  to  study  the  interconnect-cathode 
interfacial  reaction  and  cathode  degradation  with  YSZ  and  AISI 
441  alloy  serving  as  the  electrolyte  and  the  interconnect,  respec¬ 
tively.  The  microstructures,  composition  distributions,  and  crystal 
structures  of  the  new  phases  in  the  thermally  treated  LSCF  cathodes 
are  characterized.  The  interactions  of  the  AISI  441  /LSCF/YSZ  half¬ 
cell  are  analyzed.  Based  on  these  efforts,  the  cathode  degradation 
mechanisms  are  proposed. 

2.  Experimental  procedures 

2.2.  Synthesis  of  LSCF  powder 

In  this  work,  perovskite  LSCF  powder  was  synthesized  by  a  solid 
state  reaction  process  [24].  La203  (Alfa  Aesar,  Ward  Hill,  MA),  SrC03 
(Sigma-Aldrich,  St.  Louis,  MO),  C03O4  (Alfa  Aesar,  Ward  Hill,  MA), 
and  Fe203  (Sigma-Aldrich,  St.  Louis,  MO)  were  used  as-received  to 
synthesize  perovskite  LSCF.  The  mixed  powders  (three  composi¬ 
tions  were  made  based  on  the  stoichiometric  ratio:  LSCF95, 
LSCF100,  and  LSCF105)  were  ball-milled  overnight  and  then  sin¬ 
tered  at  1400  °C  for  15  h  with  a  heating  and  cooling  rate  of 
5  °C  min-1.  The  resulting  powders  were  ball-milled  overnight  again 
to  reduce  the  particle  size,  and  a  second  sintering  process  at 
1400  °C  for  5  h  was  carried  out  with  the  same  heating  and  cooling 
rate.  The  prepared  powders  were  then  ball-milled  for  3  days  to 
further  reduce  the  particle  size  and  improve  the  performance  of  the 
resulting  cathodes. 

2.2.  Assembly  of  AISI  441 /LSCF/YSZ  tri-layer 

The  LSCF  powders  (56.8  wt%)  were  mixed  and  ball-milled  with 
microcrystalline  cellulose  (pore  forming  agent,  5.7  wt%,  Spectrum, 
Gardena,  CA),  ethyl  cellulose  (binder,  1.1  wt%,  Acros  Organics,  New 
Jersey),  and  a-terpineol  (solvent,  36.4  wt%,  Sigma-Aldrich,  St. 
Louis,  MO)  for  1  h  to  make  pastes  for  screen  printing.  The  prepared 
pastes  were  screen  printed  on  8  mol%  YSZ  (Nextech  Materials, 


Lewis  Center,  OH)  substrates,  using  a  #330  mesh.  The  screen 
printed  pastes  were  square-like  with  ~0.5  cm2  area.  The  LSCF/YSZ 
couples  were  kept  at  200  °C  for  3  h  and  at  400  °C  for  1  h  to  burn  out 
the  binder,  pore-forming  agent,  and  solvent.  Afterward,  these  bi¬ 
layers  were  sintered  at  1150  °C  for  2  h,  with  a  heating  and  cool¬ 
ing  rate  of  1  °C  min-1.  The  thickness  of  the  LSCF  electrodes  after 
sintering  was  -30  pm,  measured  through  scanning  electron  mi¬ 
croscopy  (SEM)  images. 

AISI  441  ferritic  stainless  steel  pieces  (ATI  Allegheny  Ludlum 
Corporation,  Brackenridge,  PA)  were  used  as  the  interconnect  ma¬ 
terial  and  were  cut  into  rectangular  substrates  (area:  10  x  10  mm2, 
thickness:  2.08  mm).  In  order  to  remove  the  oxidized  layer  (if  any) 
and  obtain  a  scratch  free  flat  surface,  the  steel  pieces  were  polished 
to  optical  finish,  and  ultrasonically  cleaned  with  water  and  ethanol. 
The  polished  AISI  441  alloy  piece  was  placed  on  the  LSCF  electrode 
side  of  the  LSCF/YSZ  bi-layer  and  the  configuration  of  the  tri-layer 
was  shown  in  our  previous  paper  [25]. 

2.3.  Thermal  treatment  under  current  load 

In  order  to  investigate  the  electrochemical  behavior  of  the  LSCF 
cathodes,  AISI  441  /LSCF/YSZ  tri-layers  were  heated  to  800  °C,  using 
a  tube  furnace  (1730-20  HT  Furnace,  CM  Furnace  Inc.  Bloomfield, 
NJ)  in  dry  air  environment.  Afterward,  the  tri-layers  were  cathod- 
ically  polarized  under  a  constant  current  density  of  200  mA  cm-2, 
using  a  potentiostat  (VersaSTAT  3,  Princeton  Applied  Research,  Oak 
Ridge,  TN).  Even  though  changing  the  cathode  polarization  poten¬ 
tial  [26]  or  Cr  vapor  pressure  [27]  can  reveal  and  compare  the  Cr- 
poisoning  susceptibility,  the  actual  SOFC  use  is  often  under  the 
constant  current  density  mode.  In  this  case,  a  fixed  current  density 
of  200  mA  cm-2  was  used.  A  platinum  mesh  was  placed  in-between 


Fig.  1.  LSCF100  image  after  the  FIB  cutting  (a)  and  after  the  FIB  thinning  of  the  cut 
region  (b). 
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the  LSCF  porous  layer  and  the  AISI 441  interconnect  to  optimize  the 
current  distribution,  and  the  electrodes  were  connected  by  Pt  wires 
along  with  Pd  paste.  The  electrochemical  impedance  spectroscopy 
(EIS)  testing  program  used  was  a  multi-loop  process.  In  each  loop, 
the  EIS  testing  frequency  was  from  100  kHz  to  0.025  Hz.  The 
amplitude  was  10  mV.  After  that,  a  current  density  of  200  mA  cm-2 
was  applied  to  mimic  the  working  condition  of  the  fuel  cell.  EIS  data 
were  recorded  every  5  h  during  the  thermal  treatment  for  100  h. 

2.4.  Characterization  &  performance  testing 

The  microstructures  and  ingredients  of  the  LSCF  cathodes  and 
the  contacts  between  the  LSCF  cathodes  and  the  AISI  441  inter¬ 
connect  have  been  extensively  studied  using  scanning  electron 
microscopy  and  energy  dispersive  spectroscopy.  Detailed  infor¬ 
mation  can  be  found  elsewhere  [  19,28,29  .  The  XRD  patterns  for  the 
LSCF  cathodes  have  been  fully  indexed  in  our  prior  work  [19,28  .  In 
this  study,  high  resolution  microstructures  of  the  thermally  treated 
LSCF  cathodes  were  examined  by  a  field  emission  analytical 
transmission  electron  microscope  (JEOL  2100,  JEOL  USA,  Peabody, 
MA).  An  energy  dispersive  X-ray  spectroscopy  (EDS)  module,  a 
silicon  drift  detector-based  system  attached  to  the  TEM,  was  used 
to  analyze  elemental  distributions  throughout  the  cathodes  after 
the  EIS  test.  The  phase  evolution  of  the  thermally  treated  LSCFs  was 
carried  out  by  electron  diffraction. 


3.  Discussion 

3.1.  Microstructures  and  composition  distributions 

The  thermal  treatment  at  800  °C  with  an  electrical  load  can 
result  in  different  microstructure  changes  and  influence  the  elec¬ 
trochemical  behaviors  of  the  LSCF  cathodes  with  different  stoichi¬ 
ometries.  In  order  to  observe  the  specific  changes  at  the  AISI  441  / 
LSCF  interfaces,  a  focused  ion  beam  (FIB)  was  used  to  cut  thin  slices 
of  the  three  different  LSCF  samples  from  the  bulk  LSCF  cathodes  in 
regions  that  are  in  direct  contact  with  the  AISI  441  interconnect  for 
high  resolution  composition  and  phase  analyses.  To  do  this,  a  thick 
Pt  coating  was  first  deposited  on  the  LSCF  top  surfaces  that  are  in 
contact  with  the  AISI  411  interconnect.  As  shown  in  Fig.  1(a)  for  the 
LSCF100  sample  as  an  example,  the  initial  FIB  cut  sample  size  was 
16.15  pm  x  15.99  pm  and  the  thickness  was  2.15  pm.  The  thick  Pt 
layer  is  shown  on  the  top  side  of  the  thin  slice.  After  further  thin¬ 
ning,  the  cathode  thickness  is  less  than  100  nm,  suitable  for  TEM 
observation  (Fig.  1(b)).  Some  Pt  coating  is  maintained  and  the 
cathode  is  very  thin  and  porous. 

Fig.  2(a)  shows  the  microstructure  of  the  LSCF95  sample  at 
the  interface  with  the  AISI  441  interconnect.  The  bottom  dark 
regions  are  the  Pt  layer  that  was  directly  deposited  on  the  LSCF 
top  surface  for  the  FIB  cutting.  Since  this  is  the  bright  field  image, 
the  Pt  layer  looks  dark.  Based  on  the  contrast  of  the  image, 


Fig.  2.  (a)  Transmission  electron  microstructure  of  the  LSCF95  sample.  Composition  distributions  for  the  LSCF95  samples:  (b)  La,  (c)  Sr,  (d)  Co,  (e)  Fe,  (f)  Cr. 
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different  phases  are  present.  The  porous  nature  of  the  cathode  is 
obvious. 

The  elemental  distributions  for  the  LSCF95  electrode  at  the  AISI 
441/LSCF  interface  after  100  h  of  thermal  treatment  are  shown  in 
Fig.  2(b-f).  The  distributions  of  the  elements  are  depicted  by 
colors.  The  white  color  represents  the  highest  concentration  and 
the  black  color  represents  the  lowest  concentration.  La  element 
has  a  higher  concentration  near  the  interconnect  interface  but 
with  no  obvious  composition  segregation  within  the  LSCF  itself.  Sr, 
on  the  other  hand,  shows  local  segregation  at  the  interconnect 
interface,  depicted  by  the  bright,  long  strips  near  the  Pt  coating  in 
Fig.  2(c).  Some  of  the  LSCF  grains  near  the  interface  but  not  in 
direct  contact  with  the  interconnect  also  have  Sr-enriched  surface 
deposits.  Co,  on  the  other  hand,  shows  widespread  segregation  in 
the  bulk  region  of  the  LSCF95  cathode  which  is  deficient  of  La  and 
Sr.  Even  Cr  diffusion  into  the  bulk  electrode  is  primarily  near  the 
interface.  Co-rich  regions  also  mostly  reside  at  the  LSCF  grain 
surfaces  or  along  the  LSCF  grain  boundaries.  This  indicates  the 
separation  of  Co  from  the  LSCF  lattice  structure  and  redistribution 
on  the  LSCF  grain  surfaces.  Previously,  it  has  been  reported  that 
LSCF  is  unstable  and  Sr  and  Co  surface  enrichment  occurs  by 
forming  separate  oxides  [16,21,30].  Direct  observation  of  Co 
segregation  and  its  spatial  distribution  inside  individual  cathodes 
have  not  been  reported.  In  this  study,  it  shows  that  Co  may  leave 


the  LSCF  cathode  structure  and  separately  stay  on  the  LSCF  grain 
surface.  Fe  distribution  is  consistent  with  that  of  Co  but  the 
amount  of  species  in  the  Fe-rich  regions  is  less  than  that  of  Co. 
Some  Co-rich  regions  are  not  necessarily  Fe-rich.  This  means  Co 
segregates  and  leads  to  Fe  enrichment  in  the  corresponding  re¬ 
gions.  The  new  phase  formation  follows  the  Co  segregation  Fe 
segregation  new  phase  formation  sequence.  This  means  Co 
may  not  stay  as  a  simple  oxide.  Cr  has  similar  distribution  to  that 
of  Sr  but  with  more  excessive  Cr.  In  the  limited  regions  away  from 
the  AISI  441/LSCF95  interface,  Cr  mainly  distributes  on  the  LSCF 
surface.  Based  on  these  observations,  it  can  be  concluded  that  the 
Cr  diffusion  distance  into  the  cathode  is  generally  limited  to  3  pm 
with  only  a  minor  Cr  content  further  into  the  cathode.  Overall,  Co 
instability  leads  to  Fe  segregation  and  Cr  diffusion  leads  to  Sr 
segregation  from  the  LSCF95  lattice. 

Fig.  3(a)  shows  the  microstructure  of  the  LSCF100  sample  at  the 
interface  with  the  AISI  441  interconnect.  Again,  the  bottom  dark 
regions  are  the  Pt  layer  that  was  directly  deposited  on  the  LSCF100 
top  surface  for  the  FIB  cutting.  Different  phases  are  present  based 
on  the  contrast  difference. 

Fig.  3(b-f)  show  the  composition  distribution  for  the  LSCF100 
sample.  Again,  La  has  higher  concentration  near  the  interconnect- 
cathode  interface.  Still,  the  concentration  change  is  gradual  and 
no  discrete  composition  segregation  is  observed.  Sr-rich  grains  are 


Fig.  3.  (a)  Transmission  electron  microstructure  of  the  LSCF100  sample.  Composition  distributions  for  the  LSCF100  samples:  (b)  La,  (c)  Sr,  (d)  Co,  (e)  Fe,  (f)  Cr. 
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found  near  the  surface  adjacent  to  the  Pt  coating.  This  observation 
is  similar  to  that  of  the  LSCF95  sample  (Fig.  2(c))  even  though  the 
extent  may  be  slightly  less.  Co-rich  grains  are  again  present 
throughout  the  sample,  mainly  along  or  in-between  the  LSCF  grain 
surfaces  as  separate  grains,  but  in  fewer  and  larger  regions;  the 
grain  shape  is  also  more  faceted.  This  means  that  Co  segregates 
even  though  the  B  sites  of  the  LSCF100  cathode  are  not  excessive. 
Near  the  interconnect  interface,  Co  has  opposite  distribution  as  that 
of  Sr,  consistent  with  Fig.  2  for  the  LSCF95  sample;  and  Fe  and  Co 
are  in  excess  together  near  the  AISI  441/LSCF100  interface,  i.e.  Co¬ 
rich  grains  are  also  Fe-rich  with  larger  Co-rich  regions  than  Fe-rich 
regions.  Away  from  the  interface,  only  Co-rich  regions  are  observed. 
This  means  Co  independently  separates  from  the  LSCF100  lattice 
structure  and  further  causes  Fe  segregation  during  the  thermal 
treatment.  Sr  and  Cr  are  found  together  in  larger  grains  near  the 
AISI  441/LSCF100  interface,  but  some  small  Cr-rich  regions  exist 
away  from  the  interface  on  the  LSCF100  grain  surfaces.  Cr  deposi¬ 
tion  on  the  LSCF100  grain  surfaces,  especially  away  from  the 
interface,  is  much  less  than  that  for  the  LSCF95  sample.  This  result  is 
consistent  with  our  earlier  work  19].  B  site  excessive  LSCF  is  more 
likely  to  induce  Cr  deposition  on  the  LSCF  surfaces.  Sr-  and  Cr-rich 
regions  are  Co-  and  Fe-deficient. 

Fig.  4  shows  the  composition  distributions  for  the  LSCF105 
sample.  La,  Sr,  and  even  Fe  distributions  are  relatively  uniform  with 


some  deficient  regions.  The  La-  Sr-,  and  Fe-deficient  regions  are 
consistent  with  the  Sr-rich  regions.  Co  has  opposite  distribution  as 
that  of  La  and  Sr.  Accordingly,  Fe  and  Co  distributions  are  found  to 
be  inconsistent  in  most  regions  even  though  an  area  near  the  right 
side  edge  is  an  exception.  Co-rich  regions  are  present  throughout 
the  sample  and  are  mostly  consistent  with  the  Cr-rich  regions, 
except  for  the  two  areas  where  Co  and  Fe  show  a  consistent  trend. 
This  means  that  Co  continues  to  segregate  out  from  the  LSCF  lattice 
structure.  However,  it  interacts  with  Cr  for  the  LSCF105  cathode. 
Since  Sr  remains  in  the  LSCF105  lattice  structure,  Cr  is  not  enriched 
in  the  region  near  the  Pt  layer.  Even  though  the  LSCF105  cathode  is 
Sr-rich,  Sr  segregation  does  not  occur  since  Cr  preferentially  in¬ 
teracts  with  Co.  For  the  LSCF105  sample,  Cr  mainly  distributes  on 
the  surface  of  or  into  the  Co-rich  grains. 

From  the  above  results  (Figs.  2-4),  it  can  be  concluded  that  Cr 
interaction  with  the  LSCF  cathodes  is  a  deposition  plus  reaction 
process.  From  the  LSCF95  to  LSCF100  samples,  Cr  distribution 
moves  more  into  the  LSCF  bulk,  Co-rich  regions  seem  to  diminish. 
For  the  LSCF95  and  LSCF100  samples,  Cr  and  Sr  have  consistent 
distribution  in  addition  to  the  LSCF  grain  surface  deposition  of  Cr; 
Co  and  Fe  also  have  consistent  distributions  near  the  interface 
except  for  the  Co-rich  regions  in  the  bulk  of  the  LSCF  cathodes.  For 
the  LSCF105  samples,  Co  segregation  is  the  major  event  except  for 
some  Cr  deposition  on  the  Co-rich  species  surfaces. 


Fig.  4.  (a)  Transmission  electron  microstructure  of  the  LSCF105  sample.  Composition  distributions  for  the  LSCF105  samples:  (b)  La,  (c)  Sr,  (d)  Co,  (e)  Fe,  (f)  Cr. 
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Fig.  5.  Enlarged  Co-Fe  rich  region  for  the  location  1  identified  in  Fig.  2a  and  the  corresponding  electron  diffraction  pattern. 


3.2.  Phase  evolution 

For  exact  phase  formation  understanding  of  the  three  different 
LSCF  electrodes  after  the  thermal  treatment,  electron  diffraction  is 
carried  out  for  different  regions  of  the  cathodes.  The  details  can  be 
analyzed  as  below  for  each  stoichiometry. 

For  the  LSCF95  sample,  there  are  mainly  two  types  of  phase 
separation  regions:  location  1  in  Fig.  2a  as  the  Co-Fe  rich  region 
and  location  2  in  Fig.  2a  as  the  Sr-Cr  rich  region.  For  region  1,  the 
electron  diffraction  pattern  is  shown  in  Fig.  5.  It  has  been 
indexed  as  rhombohedral  CoFe204.  As  shown  in  Fig.  5,  the  crys¬ 
tallographic  planes  are  (012),  (003),  and  (104).  The  d-spacings  are 
4.198  A,  4.847  A,  and  2.968  A  respectively.  This  means  Co  and  Fe 
elements  interact  but  the  phase  has  not  evolved  into  the  well- 
recognized  cubic  spinel  phase.  For  the  Sr-Cr  rich  region,  the 
phase  formation  is  the  same  as  the  LSCF100  sample  and  will  be 
discussed  next  for  brevity.  Here,  it  can  be  pointed  out  that  SrCrCH 
forms. 

During  the  electron  diffraction  analysis,  the  Cr-rich  thin 
coating  on  the  Co-Fe  rich  grain  has  been  analyzed  (location  3  in 
Fig.  2a).  The  phase  is  shown  to  be  amorphous  (Fig.  6).  This  means 
that  Cr  diffuses  onto  different  grains  in  the  LSCF95  cathode. 
However,  when  Co  and  Fe  are  enriched  and  interact  first,  without 
the  immediate  presence  of  Sr,  Cr  exists  as  the  amorphous  oxide 
format.  Over  time,  the  amorphous  phase  might  crystallize 
depending  on  the  cathode  operating  conditions.  However,  for  the 


100  h  thermal  treatment  in  this  study,  the  Cr-oxide  is  still 
amorphous. 

For  the  LSCF100  sample,  the  phase  separation  regions  are  either 
Sr-Cr  rich  or  Co-Fe  rich.  Electron  diffraction  was  carried  out  in 
three  different  areas  that  are  Sr-Cr  rich.  Even  though  the  crystal¬ 
lographic  orientation  is  different,  the  phase  has  all  been  identified 
as  monoclinic  SrCrCH,  labeled  as  1,  2,  and  3  in  Fig.  3a.  The  lattice 
spacings  for  (200),  (220),  and  (020)  planes  are  3.442  A,  2.519  A,  and 
3.692  A  respectively  as  shown  in  Fig.  7  for  the  location  1.  Consistent 
with  our  and  others'  earlier  qualitative  observations  [5,19,31  , 
SrCrC>4  formation  is  common  in  Sr-containing  cathodes  and  it 
preferentially  distributes  at  the  interconnect-cathode  interface  to 
compromise  the  cell  performance. 

For  the  Co-Fe  rich  area,  the  phase  is  identified  as  cubic  CoFeCH. 
As  shown  in  Fig.  8,  the  (220)  and  (422)  planes  have  2.968  A  and 
1.713  A  d-spacings.  This  phase  is  different  from  the  rhombohedral 
CoFe204  phase  identified  for  the  LSCF95  sample.  We  believe  that 
this  lower  Fe  content  phase  formation  is  due  to  the  stoichiometry 
change  from  the  LSCF  cathode.  With  less  Fe  present  for  LSCF100 
(compared  to  LSCF95),  CoFe204  formation  is  less  preferred.  How¬ 
ever,  Co  still  has  fairly  high  instability  because  of  its  high  phase 
separation  tendency.  As  a  result,  CoFe04  forms.  In  addition,  the 
Co-Fe-0  compound  might  still  be  evolving;  the  examined  location 
might  just  happen  to  be  CoFe04. 

For  the  LSCF105  sample,  the  phase  separated  regions  are  either 
Co-Fe  rich  or  Co-Cr  rich.  The  Co-Fe  rich  area  is  again  identified  as 


Fig.  6.  Enlarged  Cr  rich  thin  layer  on  the  Co-Fe  enriched  grain  for  the  location  2  identified  in  Fig.  2a  and  the  corresponding  electron  diffraction  pattern. 
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Fig.  7.  Enlarged  Sr-Cr  rich  grain  for  the  location  1  identified  in  Fig.  3a  and  the  corresponding  electron  diffraction  pattern. 


Fig.  8.  Enlarged  Co-Fe  rich  grain  for  the  location  2  identified  in  Fig.  3a  and  the  corresponding  electron  diffraction  pattern. 


rhombohedral  CoFe204  as  shown  in  Fig.  9.  The  (003),  (113),  and 
(104)  planes  have  d-spacings  of  4.847  A,  2.531  A,  and  2.968  A, 
respectively.  In  this  case,  both  Co  and  Fe  are  deficient.  However, 
CoFe204  is  still  identified.  This  means  that  CoFeCU  is  highly  likely  in  a 
transient  state  for  the  LSCF100  sample  depending  on  the  specific 


stoichiometry  at  the  examined  location.  Another  possible  reason  is 
that  Co  starts  to  interact  with  Cr  as  discussed  next.  So  the  remaining, 
less  excessive  Co  interacts  with  Fe  to  form  CoFe204,  not  CoFeCH. 

For  the  Co-Cr  rich  regions  (location  2  identified  in  Fig.  4),  the 
crystal  phase  is  cubic  CoCr204.  As  shown  in  Fig.  10,  the  (220),  (422), 
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Fig.  9.  Enlarged  Co-Fe  rich  grain  for  the  location  1  identified  in  Fig.  4a  and  the  corresponding  electron  diffraction  pattern. 
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Fig.  10.  Enlarged  Co-Cr  rich  grain  for  the  location  2  identified  in  Fig.  4a  and  the  corresponding  electron  diffraction  pattern. 


Table  1 

Fundamental  processes  and  reactions  in  different  LSCF  cathodes  during  the  thermal  treatment. 

LSCF95  •  Co  segregation,  which  leads  to  Fe  segregation,  especially  near  the  interface. 

•  CoFe204  formation  away  from  the  interface  for  LSCF95. 

•  Excessive  Co  and  Fe  contents  facilitate  this  process. 

LaSrCoFe03  — >  LaSrCOxFeyC)^^  +  CoxO,5  +  FeyO^COxO^  +  FeyO^  — >  CoFe204 

LSCF100  •  Co  segregation,  which  leads  to  Fe  segregation. 

•  CoFe04  formation  away  from  the  interface  of  the  interconnect  and  LSCF100. 

•  Less  Co  compromises  the  CoFe04  phase  development. 

LaSrCoFe03  — ►  LaSrCoxFey03_5_7,  +  CoxO,5  +  FeyO^COxO^  +  FeyO^  ->  CoFe04 

LSCF105  •  Co  segregation,  which  leads  to  Fe  segregation,  especially  away  from  the  interface. 

•  CoFe204  forms  away  from  the  interface. 

LaSrCoFe03  — >  LaSrCoxFey03_5_i?  +  CoxO,5  +  FeyO^COxO^  +  FeyO^  — ►  CoFe204 


•  Cr  diffusion  to  the  interconnect-cathode  interface. 

•  Sr  segregation  along  with  Cr  diffusion  and  deposition. 

•  SrCr04  formation  at  the  interconnect-cathode  interface. 

LaSrCoFe03  — >  LaSrmFe03_T  +  SrmOrSrmOT  +  Cr03  — >  SrCr04 

•  Cr  diffusion  to  the  interconnect-cathode  interface. 

•  Sr  segregation  along  with  Cr  diffusion  and  deposition. 

•  SrCr04  formation  at  the  interconnect-cathode  interface. 

LaSrCoFe03  — >  LaSrmFe03_T  +  SrmOYSrmOT  +  Cr03  — >  SrCr04 

Cr  diffuses  (though  the  amount  is  limited)  into  the  LSCF105 
cathode  and  reacts  with  the  segregated  Co. 

LaSrCoFe03  — >  LaSrCoxFe03_,5  +  COxC^COxC^  +  Cr03  ->  CoCr204 


and  (220)  planes  have  2.947  A,  1.700  A,  and  2.947  A  d-spacings, 
respectively.  Even  though  Sr  is  excessive  in  this  case,  Cr  preferen¬ 
tially  interacts  with  Co  instead.  This  is  because  Cr  is  not  simply 
depositing  at  the  interface  of  the  interconnect  and  the  LSCF  cath¬ 
ode.  Instead,  Cr  diffuses  further  into  the  cathode  and  reacts  with  Co. 
This  agrees  with  our  earlier  qualitative  observation  for  the 
LaSrMn03  electrode  that  A-site  excessive  cathode  hinders  Cr 
deposition  at  the  interconnect-cathode  interface  [9  .  Here,  it 
further  shows  that  the  limited  amount  of  Cr  diffusion  into  the 
cathode  is  actually  a  result  of  interaction  with  the  unstable  Co 
species,  not  with  the  Sr  species. 

3.3.  Fundamental  process 

Summarizing  all  the  above  observations,  it  can  be  seen  that  Cr 
content  is  more  concentrated  at  the  cathode-interconnect  interface 
for  the  LSCF95  cathode  while  it  diffuses  more  into  the  bulk  of  the 
LSCF105  electrode.  The  LSCF100  cathode  has  the  Cr  distribution 
pattern  in-between.  There  are  two  independent  processes  for  Cr 
diffusion:  one  is  random  deposition  on  the  surface  of  the  LSCF 
cathodes  and  then  reaction  with  Sr,  the  other  is  the  reaction  with 
the  segregated  Co  in  the  LSCF  cathode  bulk.  For  the  LSCF95  cathode, 
Cr  species  mainly  resides  near  the  interface.  Since  La  has  no 
interaction  with  Fe,  SrO  is  extracted  from  the  LSCF95  lattice  and 
form  SrCr04  at  the  interface.  The  LSCF100  cathode  follows  a  similar 
trend  but  to  a  much  less  extent.  Co  is  widely  distributed  in  the 
cathode  bulk.  When  Cr  diffuses  further  into  the  bulk  of  the  LSCF105 
cathode,  Co  starts  to  interact  with  the  Cr-0  species  and  form 


CoCr204.  Overall,  the  fundamental  processes  can  be  shown  as  in 

Table  1. 

4.  Conclusions 

LSCF  cathodes  with  different  stoichiometries  are  used  to  create 
AISI  441/LSCF/YSZ  tri-layer  half-cells  in  order  to  study  the  material 
degradation  issues  during  solid  oxide  fuel  cell  use  at  800  °C  under 
an  electric  load.  LSCF  elemental  interfacial  diffusion  and  reaction 
along  with  their  relations  to  the  LSCF  stoichiometry  are  discussed. 
The  exact  crystal  structures  of  different  new  phases  are  identified. 
The  thermal  treatment  results  in  dramatic  composition  redistri¬ 
bution  and  new  phase  formation.  Cr  diffusion  into  the  LSM  elec¬ 
trodes  can  be  at  the  AISI  441  /LSCF  interface  or  into  the  LSCF  bulk.  It 
can  thus  interact  with  Sr  or  Co,  forming  SrCr04  or  CoCr204 
respectively.  Co  is  unstable  and  segregates  easily.  It  can  react  with 
Fe  to  form  CoFe204/CoFe04  or  with  Cr  to  form  CoCr204.  These  be¬ 
haviors  are  LSCF  cathode  stoichiometry-dependent. 
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